[1] Climate at the Last Glacial Maximum (LGM) together with low atmospheric CO 2 concentration forced a shift in vegetation zones, generally favored grasses over woody plants and allowed the colonization of continental shelves. Many studies using models and/or palaeo data have focused on reconstructing climate and vegetation changes between LGM and present, but the implications for changes in fire regime and atmospheric chemistry have not previously been analyzed. We have investigated possible global changes in fire regime using climate model simulations of the LGM to drive the Lund-Potsdam-Jena Dynamic Global Vegetation Model (LPJ) with its embedded fire model, Glob-FIRM. Simulation results reveal a pronounced shift of pyrogenic emission sources to lower latitudes. Global total emissions were slightly reduced. Enhanced nitrogen oxides emissions in the tropics could potentially have increased the oxidizing capacity of the atmosphere, helping to explain the low atmospheric methane concentrations during glacial periods as observed in the ice core records.
Introduction
[2] Atmospheric methane (CH 4 ) concentration increased from $350 ppbv at the Last Glacial Maximum (LGM, $23 to 19 ka BP) to $700 ppbv during the pre-industrial Holocene. If the atmospheric oxidizing capacity were unchanged, this difference would correspond to a change in CH 4 flux of $330 Tg/yr from all sources [Chappellaz et al., 1993] . However, modeling studies have found that changes in the distribution and productivity of wetlands cannot fully explain observed changes in CH 4 . Despite a modeled 15% increase in global wetland area at the LGM relative to recent conditions, wetlands productivity was estimated to be 25% less than under present climate conditions; this corresponds to a net reduction of 33 Tg/yr in the CH 4 source [Kaplan, 2002] , i.e., far too small a reduction to account for the glacial-interglacial change in CH 4 concentration in the atmosphere. The true extent of wetlands on the exposed continental shelves is an important issue requiring further research [Wania et al., 2004] ; however, offshore peat deposits of LGM age are known and must presumably have contributed to the global CH 4 budget [see, e.g., Kaplan, 2002, and references therein] . Changes in other CH 4 sources such as hydrates and permafrost soils have been hypothesized to contribute to low glacial CH 4 emissions, but it is difficult to account for large changes required by these mechanisms [Kennett and Fackler-Adams, 2000] . It is still an open question to what extent changes in vegetation distribution, atmosphere, and fire regimes could have affected the distribution of sources and sinks of CH 4 . Such changes could have influenced atmospheric CH 4 either directly through changes in sources or indirectly by affecting the oxidizing capacity of the atmosphere, which depends on the sources and sinks of other reactive trace gases as well as CH 4 .
[3] The climate at the LGM was characterized by generally lower temperatures, and in many regions by lower precipitation, than the climate of the Holocene (the present interglacial). Changes in the atmospheric concentrations of trace gases, coverage of ice, and ocean dynamics were associated with changes in the atmospheric circulation and climate [e.g., Kageyama et al., 2001; Pinot et al., 1999] .
The LGM climate, together with an atmospheric CO 2 concentration of <200 ppm, forced a southward shift of boreal and temperate vegetation, generally favored grasses over woody plants, and allowed the colonization of continental shelves due to the decreased sea level [Labeyrie et al., 2003] . Low atmospheric CO 2 concentration also tends to favor C 4 over C 3 plants owing to reduced photosynthesis of C 3 plants as a consequence of reduced substrate concentration and reduced competition by O 2 for the Rubisco carboxylation sites Sykes, 1999, 2000; Polley et al., 1993] . Owing to the advantage of C 4 photosynthesis in carbon gain at high temperatures and low atmospheric CO 2 concentration, C 4 grasses are likely to have expanded greatly at the expense of C 3 grasses and of woody plants in the tropics [Collatz et al., 1998; Harrison and Prentice, 2003] .
[4] Burning conditions are driven by climate and vegetation status (including fuel moisture and amount). Fire has implications for vegetation dynamics, biogeochemical cycles, atmospheric chemistry, and radiative forcing. Changes in climate affect vegetation composition and its productivity, resulting in different patterns of global fire regimes. Much work has been done on reconstructing climate and vegetation changes between LGM and the present, and on the causes of millennial-scale variability during the glacial period, but the potential implications for changes in fire regime and atmospheric chemistry have not previously been analyzed.
[5] Little is known about how different fire regimes worldwide were at the LGM as only relatively few time series of reconstructions or lake sediment histories date back to that time, and the existing data have not been compiled in any synthetic form. A number of reconstructions for North America indicate reduced fire activity during the late-glacial and early Holocene (17 -12 ka BP). There is evidence for increased fire during warm/ dry periods during the Holocene, sometimes reflecting interactions with changing vegetation composition depending on the different fire-sensitivity of different plant types [Anderson and Smith, 1997; Brunelle and Whitlock, 2003; Hallett et al., 2003; Millspaugh et al., 2000; Winkler, 1997; Bradshaw et al., 1997] . Analysis of a marine core in the Banda Sea, Southeast Asia, indicated drier and colder conditions during the last two glacial periods in eastern Indonesia and northern Australia, reflected by expansion of lower montane forests and higher charcoal and elemental carbon values suggesting increased burning during these periods [van der Kaars et al., 2000] . Exposure of continental shelves, atmospheric circulation pattern, and high climate variability also control fire frequency in the tropics, where reconstruction revealed patterns for Southeast Asia different from those for Central and South America (17 -12 kyr BP Haberle and Ledru, 2001] ). Analysis of charred grass cuticles outlined the importance of grassland fires at Mount Kenya during the LGM and indicated high fire occurrence in African savannahs [Wooller et al., 2000] .
[6] This coincidence of changes in fire occurrence with changing climate and associated vegetation composition is indirectly supported by measurements of ammonium (NH 4 + ) concentrations in Greenland Ice cores. Owing to the atmospheric lifetime of ammonium (about a week) and the prevailing atmospheric circulation pattern, changes in NH 4 + in Greenland have been attributed to changing biogenic sources in North America, i.e., soil, vegetation and biomass burning [Fuhrer et al., 1996] . Owing to its relatively low (15%) contribution to overall deposition, the possibility to use NH 4 + as a fire proxy has been disputed [Hansson and Holmen, 2001] . Changes in NH 4 + , however, seem to indicate less fire activity in the Northern Hemisphere, mainly North America, that changed in conjunction with reduced biogenic activity in the area at the LGM.
[7] We have investigated possible global changes in fire regime using climate model simulations of the Last Glacial Maximum (LGM) to drive the Lund-Potsdam-Jena Dynamic Global Vegetation Model (LPJ) [Sitch et al., 2003] . Its embedded fire regime model Glob-FIRM [Thonicke et al., 2001] predicts changes in fire regime as a complex interaction between vegetation productivity, carbon cycling, and ecosystem water balance. Climate data sets from 17 Palaeoclimate Modeling Intercomparison Project (PMIP) Phase I atmospheric General Circulation Models (GCMs) and from Andreae, personal communication, 2003) . The emission factor for NO x as adjusted to carbon-to-nitrogen ratio of the Last Glacial Maximum (+8%) is shown in parantheses. Savannah and grasslands correspond to PFT 2 and 9, tropical forests correspond to PFT 1, and extratropical forests correspond to PFT 3 to 8.
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the Hadley Centre coupled ocean-atmosphere general circulation model HadCM3, all describing LGM climate conditions, were applied and compared against pre-industrial climate conditions.
Methods and Data
[8] Monthly anomaly fields of temperature, precipitation, and fractional sunshine hours were derived from all 17 PMIP I atmospheric GCMs and the coupled oceanatmosphere GCM HadCM3. These anomalies were applied to the multiyear CRU climatology, provided by the Climate Research Unit (CRU), University of East Anglia, UK (0.5°Â 0. 5°, 1901 -2000) , to obtain a 30-year LGM climatology with interannual climate variability. Boundary conditions for the PMIP I GCMs and their model characteristics are documented by Harrison and Prentice [2003] . The model's ability to simulate climate at the LGM was analyzed by Pinot et al. [1999] for Europe and western Siberia and Kageyama et al. [2001] for tropical palaeoclimates.
[9] The PMIP I GCMs were either atmospheric GCMs forced with CLIMAP sea surface temperatures (SSTs) or atmospheric GCMs coupled to a simple one-layer thermodynamic (''slab'') ocean model with no ocean dynamics. The slab model, designed to provide a simple representation of the ocean mixed layer, allows SSTs to be interactively calculated in the GCM, but the lack of ocean dynamics and deep ocean restricts the feedbacks that can operate between the atmosphere and ocean. The HadCM3 model allows more feedbacks to operate by coupling an atmospheric GCM to a three-dimensional dynamic ocean general circulation model which models both the mixed layer and the deep ocean. The coupled ocean-atmosphere GCM (HadCM3) and its LGM simulation are described in more detail by Hewitt et al. [2003] . The model was forced with the same boundary conditions as the PMIP I GCMs.
[10] All LGM climate data sets were adjusted to the LGM land mask, which reflects exposure of continental shelves due to lower sea levels as well as the ice coverage in the Northern Hemisphere as reconstructed by Peltier [1994] . A value of 200 ppm was used as the constant atmospheric CO 2 concentration throughout the simulation time. In the pre-industrial control simulation, experiments under preindustrial climate conditions were run for the contemporary land mask by using the climate data of the first 30 years of the CRU climatology and an atmospheric CO 2 concentration of 280 ppm.
[11] LPJ [Sitch et al., 2003] simulates plant physiological processes and vegetation dynamics at daily to annual time steps. Nine Plant Functional Types (PFTs) are assigned bioclimatic, phenological, and physiognomic characteristics. The simulation of the water balance in LPJ was modified for this study to account for evaporation from bare soil, for interception, and for the consequences of the uneven temporal distribution of precipitation. These additions improved the simulation of soil moisture and runoff in major river catchments [Gerten et al., 2004] . LPJ requires a climate input data set including interannual climate variability, soil texture information, and a prescribed atmospheric CO 2 concentration. Its embedded global fire model Glob-FIRM LGM Climate (HadCM3) simulates global fire regimes as a complex interaction between vegetation productivity, carbon cycling, and ecosystem water balance. The model can describe broad features of the fire in both temperature-and moisture-limited ecosystems under present-day climate conditions [Thonicke et al., 2001] . In order to estimate trace gas emissions, PFTspecific emission factors for major reactive trace gases were implemented into LPJ as PFT parameters (see Table 1 ). Thus changes in vegetation composition would have immediate consequences for simulated fire emissions.
[12] Contemporary C:N ratios are computed in LPJ based on optimal allocation theory [see Sitch et al., 2003, equation (22) ]. Changes in atmospheric CO 2 concentration affect the amount of carbon stored in plant tissues. Experimental data on changes in the C:N ratio of plant tissues indicate a reduction by about 8% at atmospheric CO 2 concentrations of 200 ppm [Cowling and Sage, 1998 ]; therefore C:N ratios for all living compartments of C 3 PFTs were adjusted accordingly. Consequently, burning the same amount of biomass at low atmospheric CO 2 concentration must result in higher NO x emissions. We therefore increased the emission factor for NO x by 8% for the LGM climate experiments. The sensitivity of vegetation productivity and carbon fluxes to this change in C:N ratio was tested by applying contemporary and LGM C:N ratios to pre-industrial and LGM climate (HadCM3), respectively. Thus the effects of climate, of atmospheric CO 2 concentration, and of C:N ratio could be quantified. Changing the C:N ratio had about the same effect on vegetation carbon storage under pre-industrial climate conditions with 280 ppm atmospheric CO 2 concentration as under LGM climate conditions and 200 ppm CO 2 (À5%; see Table 2 ). Global biomass burning was reduced by 9% under preindustrial conditions, and by 12% under LGM climate conditions. Effects on net primary production and heterotrophic respiration were very small under similar climate conditions and changed at the same rate with changing both climate and the C:N ratio. Vegetation carbon storage decreased by 37% with the adjusted C:N ratio under LGM climate as compared to 33% without the adjustment. Thus the effect of changing C:N ratios is small but not negligible. In what follows we report results based on adjusted C:N ratios, including the effects on both vegetation dynamics and on the emission factor for NO x .
Results and Discussion
Vegetation Dynamics and Carbon Storage
[13] Simulated carbon storage of the terrestrial biosphere (vegetation, litter, and soil) increased from 1640 PgC at the 
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LGM (applying the HadCM3 climate data set) to 2250 PgC under pre-industrial climate conditions, a difference of 610 PgC. Applying the PMIP I GCM climate data sets resulted in simulated carbon storage ranging between 1200 and 1600 PgC at the LGM with an average of 1460 PgC. These results agree with other modeling studies, observations, and reconstructions that the terrestrial biosphere stored about 300 to 700 PgC more carbon during interglacial than during glacial periods [see, e.g., Bird et al., 1994; Kaplan et al., 2002; Joos et al., 2004] .
[14] The simulated LGM vegetation distribution (HadCM3) shows reduced spatial coverage of woody vegetation types, widespread grasslands in dry/cold regions of the continents. Colder and drier conditions in the tropics increased grassland/xerophytic wood and shrub vegetation at the expense of forests (Figure 1, top) . This feature is consistent with reconstructions of drought-tolerant vegetation types at sites where tropical rain forest is found under modern climate conditions, for example, in East Africa . The drier and colder conditions in the tropics, together with lowered atmospheric CO 2 concentration, force an increase in grass cover and productivity at the expense of woody vegetation in the tropics. The simulated equatorward shift of boreal trees and the reduced area they occupied is broadly in agreement with pollen and macrofossil reconstructions for the LGM [Harrison and Prentice, 2003] (Figure 1, bottom) . However, in Europe, boreal forest is simulated close to the Fennoscandian ice sheet, which is in contradiction to pollen reconstructions . The GCM does not simulate temperatures as cold as proxy records suggest over western and central Europe. This problem is also found in the PMIP I GCMs [Pinot et al., 1999] , but some GCMs allowed the simulation of a zone of nonwooded vegetation around the Fennoscandian ice sheet (data not shown; see also Harrison and Prentice [2003] for PMIP Modern estimates of biomass burning are also given. SST is sea surface temperature, NPP is net primary production, and R h is heterotrophic respiration.
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applications of the BIOME4 model). The simulation of the boreal forests in North America close to the Laurentide ice sheet, however, is confirmed by biome reconstructions [Jackson et al., 2000; Williams et al., 2000] . As a consequence of the equatorward shift of the boreal forest and the expansion of nonwooded vegetation due to climate and atmospheric CO 2 content, the temperate forest was also simulated as restricted and fragmented areas in Europe and as a continuous zone south of the boreal forest in North America (compare Figure 1 middle and bottom panels).
Changes in Biomass Burning
[15] Simulation results for biomass burning and trace gas emissions under pre-industrial conditions are in good agreement with modern estimates (Table 3) . Simulated biomass burning at the LGM was largest in the tropical zone with biomass burning also occurring in tropical savannahs and in the boreal forest (Figure 2) . Cold/dry regions with sparse or no vegetation show little or no biomass burning.
[16] Comparison between pre-industrial and LGM climate simulations shows a small reduction in global emission at
LGM, but also a pronounced latitudinal shift (Table 3 and Figure 3 ). This is a surprising result, since it was not known how regional climate conditions and changed vegetation productivity would have affected burning conditions, i.e., heat, dryness, and fuel load, and thus global fire regimes at the LGM. In the contrary, reduced burning at mid-to highnorthern latitudes is nearly slightly compensated by increased burning in the tropical zone. Biomass burning is shown as having a single (equatorial) maximum at the LGM, where under pre-industrial conditions a bi-modal distribution was simulated.
[17] Results in biomass burning using the HadCM3 GCM are in the upper range of the results from the PMIP I GCMs. The variability among the PMIP I GCMs is largest north of 50°N, i.e., indicating the difficulty simulating the climate around the ice sheets. GCMs with a slab ocean yielded a cooler climate in the Northern Hemisphere than the GCMs with prescribed sea surface temperature (SSTs), leading to lower simulated biomass burning. On the other hand, biomass burning emissions are higher in equatorial regions and neighboring low latitudes using the slab model results compared to those with fixed SSTs. There is agreement between all LGM GCMs in simulated biomass burning around 30°N and 30°S, corresponding to large extension of arid areas. Simulated changes in biomass burning are small between 40°N and 10°N, and south of 30°S but this is also where the largest effect of the C:N ratio appears, i.e., in the savannah/woodland zone, where the productivity of woody vegetation is marginal. Whereas the extension of the ice sheets in the Northern Hemisphere can mainly explain the reduction in biomass burning, it is the colonization of exposed continental shelves in the tropics and subtropics that determines an increase in biomass burning on the order of 10 to 30%, depending on the latitude, with an effect of 0.3 PgC globally.
[18] Less carbon was stored in the living biomass of tropical woody PFTs. The smallest simulated decrease was in the inner tropics, with a continuous increase toward the subtropics (see Figure 4 for relative changes in vegetation carbon stored per PFT with HadCM3 GCM application). At the same time the tropics also yield the largest biomass burning emissions at the LGM. Can changes in vegetation dynamics explain simulated changes in biomass burning? Latitudinal changes in area burnt, which result from changes in moisture conditions and in litter production, correspond to latitudinal changes in grass productivity, especially in the savannah regions and to a certain extent in the inner tropics. The total amount of biomass burning, which is a result of both area burnt and available biomass load of the PFTs present, is mainly driven by changes in the productivity of woody PFTs. Latitudinal changes in biomass burning coincide to a certain extent with changes in vegetation productivity of woody PFTs; that is, increases in area burnt do not automatically translate into increases in biomass burning, except for the inner tropics, where both factors (area burnt and grass productivity) determine the increase in simulated biomass burning (Figure 4 ).
Trace Gas Emissions
[19] The estimation of atmospheric trace gas emissions depends on emission factors, which differ among vegetation zones, but are assumed constant within any given zone owing to an implicitly fixed relationship between glowing and flaming combustion as defined for each vegetation zone (see Table 1 ). The partition of biomass burnt into major trace gases is assumed invariant (Figure 5 ). Global estimates of fire-related trace gas emission accordingly show similar patterns among LGM GCM climate data sets to those discussed for biomass burning (Table 3) .
[20] The latitudinal shift of fire-related trace gas emissions could influence here atmospheric concentrations of greenhouse gases. Because we have adjusted the emission factor for NO x to the altered LGM C:N ratio, the simulated changes in NO x emissions show a slightly different pattern to the other trace gas emissions in low latitudes to midlatitudes ( Figure 6 ). The propensity of NO x to contribute to the net oxidization of other longer-lived trace gases, such as CH 4 or CO, depends on the climate conditions and convectivity of the atmosphere over the terrestrial sources of NO x . The specific effects of changing source region for NO x on the atmospheric conditions at the LGM will require further investigation by models that include atmospheric transport and chemistry as well as vegetation and climate.
Conclusion
[21] This study investigated changes in vegetation productivity, biomass burning, and associated changes in pyrogenic trace gas emissions. Simulated vegetation carbon storage was reduced by 37% under LGM conditions compared to the pre-industrial state, whereas biomass burning was reduced by only 25%. Effects of adjusting the C:N ratio to atmospheric CO 2 conditions at the LGM further intensified climate-and CO 2 -induced reductions of both vegetation carbon storage and pyrogenic emissions. Environmental conditions at the LGM forced shifts of vegetation zones and decreases in woody cover. These effects are also seen in the spatial distribution of biomass burning. Changes in biomass burning and resulting trace gas emissions are dominated by a latitudinal shift toward higher emissions in the tropics rather than a reduction in global totals. The exposure of continental shelves as a result of a lower sea level contributed between 10 to 30% to increases in biomass burning in the tropics and subtropics.
[22] Volatile organic compounds, methane, and carbon monoxide are oxidized to CO 2 in a chain of chemical reactions in the troposphere. In the case of CH 4 and CO, reaction pathways differ depending on the presence of NO x . NO x contributes to additional OH and O 3 production, implying a higher concentration of OH radicals at the surface. Model-based investigations of atmospheric chemistry under present climate have shown that the spatial distribution of sources is important. The atmospheric lifetime of NO x is longer in the upper troposphere than near the surface and is kept high by continued convection from surface sources [Fuglestvedt et al., 2003] . Experiments with chemistry-transport models [Fuglestvedt et al., 2003; Karlsdóttir and Isaksen, 2000] have indicated that the atmospheric oxidizing capacity is especially sensitive to changes in NO x production in the tropics because of yearround convection that transports NO x rapidly to high elevations. We speculate that an equatorward shift of NO x production, which we have simulated for full-glacial conditions, might have contributed to an increased oxidizing capacity and thus to a reduced lifetime and concentration of Figure 5 . Latitudinal distribution of simulated trace gas emissions in the HadCM3 LGM climate (sum by latitude bands in Tg/yr).
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CH 4 , although the potential magnitude of this effect is at present quite unclear. More generally, how glacialinterglacial changes in temperature, humidity, and convective activity interacted with changes in biospheric trace gas emissions to determine the atmospheric composition is a complex question which needs to be examined further in a coupled Earth System modeling framework. 
